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Abstract: We consider a singlet extension of the Standard Model (SM) with a spontaneous
Z2 breaking and study the gluon-gluon fusion production of the heavy scalar, with subsequent
decay into a pair of SM-like Higgs bosons. We find that an on-shell interference effect can
notably enhance the resonant di-Higgs production rate up to 40%. In addition, consistently
taking into account both the on-shell and off-shell interference effects between the heavy scalar
and the SM di-Higgs diagrams significantly improves the HL-LHC and HE-LHC reach in this
channel. As an example, within an effective field theory analysis in an explicitly Z2 breaking
scenario, we further discuss the potential to probe the parameter region compatible with a
first order electroweak phase transition. Our analysis is applicable for general potentials of
the singlet extension of the SM as well as for more general resonance searches.
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1 INTRODUCTION
Probing the intriguing possibility of electroweak baryogenesis [1–5] becomes of higher rele-
vance after the SM Higgs boson discovery at the LHC [6, 7]. In such mechanism, a strongly
first-order electroweak phase transition (EWPT) is a crucial ingredient to maintain the
matter-antimatter asymmetry generated at the electroweak scale [8]. The SM Higgs po-
tential is insufficient to provide such condition and many extensions of the SM have hence
been proposed [9–42]. Generically, including additional bosonic degrees of freedom with siz-
able coupling strength to the SM Higgs boson can increase the barrier between the broken
and unbroken electroweak vacua at the critical temperature of the phase transition, see e.g.,
Ref. [43]. Amongst many of the possibilities, the singlet scalar extension of the SM is of
particular interest [26–29]. Due to its singlet nature, the scalar is hard to be probed at the
LHC. Therefore the singlet SM extension serves as the simplest, yet elusive benchmark to
test a sufficiently strong first-order phase transition compatible with the Higgs boson mass
measurements at the LHC [25, 26].
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The scalar potential of a real singlet scalar extension of the SM can be further categorized
into three types, depending on the behavior of the real singlet s under the Z2 parity operation
s→ −s, namely: the Z2 symmetric, the spontaneous Z2 breaking, and the general potential.
The Z2 symmetric potential leads to a stable singlet scalar, resulting in the singlet being a
possible dark matter candidate and yielding missing energy signals at colliders [26]. Without
Z2 protection, the singlet would mix with the SM Higgs and (in most cases) a promptly
decaying scalar particle would provide a rich phenomenology at colliders. The singlet scalar
could be produced resonantly and decay back to pairs of SM particles, dominantly into WW ,
ZZ, HH and tt¯. The signal of a singlet scalar resonance decaying into HH is a smoking-gun
for singlet enhanced EWPT [28, 29, 44–50].
Searches for resonant di-Higgs production have received much attention by both the
ATLAS and CMS collaborations [51–56]. In the case of a singlet resonance, constraints from
SM precision measurements render these searches more challenging. From one side precision
measurements imply that the singlet-doublet mixing parameter is constrained to be small over
a large region of parameter space. From the other side, the singlet only couples to SM particles
through mixing with the SM Higgs doublet. This results in a reduced di-Higgs production
via singlet resonance decays. In particular, the singlet resonance amplitude becomes of the
same order as the SM triangle and box diagram amplitudes. Most important, in this work we
shall show that a large relative phase between the SM box diagram and the singlet triangle
diagram becomes important. This special on-shell interference effect has been commonly
overlooked in the literature and turns out to have important phenomenological implications.
We shall choose the spontaneous Z2 breaking scenario of the SM plus singlet to demonstrate
the importance of the novel on-shell interference effect for the resonant singlet scalar searches
in the di-Higgs production mode.
Our paper is organized as follows. In Sec. 2, we study the details of the Z2 symmetric
potential with spontaneous Z2 and electroweak symmetry breaking, including its parametric
dependence on physical quantities, requirements of vacuum stability and perturbative unitar-
ity, and the decay properties of the singlet scalar. In Sec. 3, we present a detailed discussion
on various types of interference effects for the process gg → HH. We focus on the special case
of the on-shell interference effect for the resonant singlet production and show their paramet-
ric dependence. In Sec. 4, we study the impact of the on-shell interference effect for the High
Luminosity (HL)- and High Energy (HE)- LHC searches and address how a comprehensive
study of the on-shell and off-shell differential cross sections would improve on their sensitivity.
This in turn will provide the tools for a much more robust test of a strongly first-order EWPT
in this type of models. We reserve Sec. 5 for our conclusions.
2 MODEL FRAMEWORK
We will consider the simplest extension of the SM that can assist the scalar potential to
induce a strongly first-order electroweak phase transition, consisting of an additional real
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scalar singlet with a Z2 symmetry. The scalar potential of the model can be written as
V (s, φ) = −µ2φ†φ− 1
2
µ2ss
2 + λ(φ†φ)2 +
λs
4
s4 +
λsφ
2
s2φ†φ, (2.1)
where φ is the SM doublet 1 and s represents the new real singlet field. In the above, we
adopt the conventional normalization for the couplings of the SM doublets and match the
other couplings with the singlet with identical normalization. We allow for spontaneous
Z2 breaking with the singlet s acquiring a vacuum expectation value (vev) vs, since this
case allows for interesting collider phenomenology of interference effects. As we shall show
later, the (on-shell) interference effects commonly exist for loop-induced processes in BSM
phenomenology and it is the focus of this paper. The CP even neutral component h of the
Higgs doublet field φ mixes with the real singlet scalar s, defining the new mass eigenstates
H and S (
h
s
)
=
(
cos θ sin θ
− sin θ cos θ
)(
H
S
)
, (2.2)
where θ is the mixing angle between these fields. The five free parameters in Eq. (2.1) can
be traded by the two boundary conditions
mH = 125 GeV, v = 246 GeV (2.3)
and the three “physical” parameters,
mS , tanβ(≡ vs
v
), and sin θ, (2.4)
where tanβ characterizes the ratio between the vevs of the doublet and the singlet scalar
fields, respectively.
As a result, the parameters in the scalar potential in Eq. (2.1) can be expressed as
functions of these new parameters,
µ2 =
1
4
(
2m2H cos
2 θ + 2m2S sin
2 θ + (m2S −m2H) tanβ sin 2θ
)
(2.5)
µ2s =
1
4
(
2m2H sin
2 θ + 2m2S cos
2 θ + (m2S −m2H) cotβ sin 2θ
)
(2.6)
λ =
m2H cos
2 θ +m2S sin
2 θ
2v2
(2.7)
λs =
m2H sin
2 θ +m2S cos
2 θ
2 tan2 β v2
(2.8)
λsφ =
(
m2S −m2H
)
sin 2θ
2 tanβ v2
. (2.9)
Observe that the condition of spontaneous symmetry breaking implies that dimensionful
quantities µ2 and µ2s can be directly expressed in terms of the original quartic couplings and
the vevs,
µ2 = v2
(
λ+
1
2
tan2 βλsφ
)
, µ2s = v
2
(
tan2 βλs +
1
2
λsφ
)
. (2.10)
1 φT = (G+, 1√
2
(h+ iG0 + v)), where G±,0 are the Goldstone modes.
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2.1 Stability, unitarity and EWSB conditions
Figure 1. The values of the quartic couplings λ, λs and λsφ as a function of the singlet-like scalar
mass mS and the mixing angle sin θ shown in blue, red and black contours, respectively. The left and
right panels correspond to tanβ values of 1 and 10, respectively.
It is useful to understand the quartic couplings in the potential in Eq. (2.1) in terms of the
physical parameters defined in Eq. (2.4), since the physical parameters make a straightforward
connection with collider physics. In Fig. 1 we show the three independent quartic couplings
in the Z2-symmetric potential λ, λs and λsφ in blue, red, and black contours, respectively,
as a function of the heavy singlet-like scalar mass mS and the singlet-doublet mixing angle
sin θ for tanβ = 1 (left panel) and tanβ = 10 (right panel). As shown in the red contours,
for low values of tanβ, a large quartic λs is needed to obtain a heavy singlet, due to the fact
that the singlet mass and its vev are related via its quartic coupling, see Eq. (2.8). However,
the correlation between the singlet quartic, its mass and its vev is only mildly dependent
on the mixing angle sin θ. A different behavior occurs for the Higgs quartic, in blue, being
independent of the singlet vev but sensitive to the mixing angle.
The stability of the potential and the perturbative unitarity arguments set constraints on
the allowed sizes and signs of the quartic couplings that we will discuss now. The requirement
of the potential being bounded from below leads to the conditions to the quartic couplings
λ, λs > 0 and λsφ > −2
√
λλs. (2.11)
The positivity of the Higgs and singlet quartic couplings is understood by considering large
field values in the directions {h, 0} and {0, s}. The extra condition arises from considering
large field values in an arbitrary direction. We see that negative values for the mixing quartic
coupling λsφ are allowed if the other two quartics are large enough.
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Furthermore, the spontaneous Z2 and electroweak symmetry breaking vacuum < φ, s >=
{v/√2, vs} is a global minimum if the following is satisfied
λsφ < +2
√
λλs. (2.12)
For larger values of λsφ, the electroweak and Z2 breaking vacuum becomes a saddle point and
the minima are located at < φ, s >= {v/√2, 0} and < φ, s >= {0, vs} 2. Observe that for
positive values of µ2 and µ2s the origin < φ, s >= {0, 0} is always a maximum.
The conditions Eq. (2.11) and Eq. (2.12) have the following physical interpretation. The
determinant of the mass matrix at the electroweak and Z2 breaking minimum is proportional
to 4λλs − λ2sφ, which is equivalent to the previous requirements. When the determinant of
the mass matrix becomes negative, and therefore one of the conditions fails, a tachyonic
direction will be generated, destabilizing the system and evolving it to other minima. From
this perspective it is also clear that if we choose to work with (v,mH ,mS , sin θ, tanβ) as a
set of parameters, the determinant of the mass matrix is just m2Hm
2
S and the requirements
in this basis are automatically satisfied with physical masses.
The potential might be destabilized due to loop corrections, and the quantity 4λλs −
λ2sφ might become negative at high scales. We study this effect taking into account the
renormalization group evolution (RGE) of the quartic couplings given by the RGE equations
in Sec. A. In Fig. 2 we show, shaded in red, the region where the vacuum becomes unstable
at a given energy scale. For small singlet masses and mixing angles the instability scale is
not modified with respect to the SM (which is around ∼ 108 GeV at one loop and relaxes
to about 1011 GeV once two-loop RGE is included [57]), but for larger mixings the singlet
shifts the values of the couplings, pushing the scale of instability to larger values. For larger
tanβ, as shown in the right panel of Fig. 2, the singlet quartic coupling are smaller and the
instability condition extends to a larger region since the effect of the singlet is insufficient to
compensate the effect of the destabilizing top Yukawa coupling.
There is also a constraint on the size of the quartic couplings given by the perturbative
unitarity arguments. The 2→ 2 amplitudes A should satisfy
1
16pis
∫ 0
s
dt |A| < 1
2
. (2.13)
This comes from decomposing the amplitude in partial waves and requiring it being consis-
tent with the optical theorem. We consider the different scattering amplitudes among the
components of the Higgs doublet and the singlet, and look for the combination of states giv-
ing the largest contribution to Eq. (2.13). This is done by building a matrix that contains
all the 2 → 2 amplitudes among those states and taking the largest eigenvalue. We derive
the constraints on the sizes of the quartic couplings by this method, giving further details in
Sec. A.
2Note that the expressions for the vevs in terms of model parameters differ for the different extrema under
discussion. We denote them using the same symbols, v/
√
2 and vs, since the discussion in this section does
not rely on their precise values.
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Figure 2. Regions of parameter space in the mS-sin θ plane disfavored by perturbativity and EW
vacuum stability requirement at various scales. The gray shaded regions are disfavored by pertubative
unitarity requirement at a given scale Λpert. The red shaded regions correspond to regions disfavored
by stability requirement at a given scale Λinst.
In Fig. 2, the gray shaded regions show the constraints from the perturbative unitarity
arguments after including the RGE effects, labeled by the scale at which unitarity is broken.
We observe that smaller values of tanβ and larger singlet masses have a lower unitarity
breaking scale. This is due to the fact that larger singlet masses require larger singlet quartic
couplings. In addition, larger tanβ corresponds to larger vevs of the singlet and yields larger
masses for smaller values of the quartic couplings. Hence perturbative unitarity arguments
are relaxed as tanβ increases as well as for smaller values of mS .
2.2 Properties of the singlet-like scalar
In addition to the effect of singlet-doublet mixing governed by sin θ, the relevant phenomenol-
ogy of the production of di-Higgs final states is further characterized by two trilinear coupling
parameters
L ⊃ λHHHH3 + λSHHSH2. (2.14)
The dimensionful parameter λHHH is the modified trilinear Higgs coupling and λSHH is the
heavy Scalar-Higgs-Higgs coupling that drives the heavy scalar S decay into the di-Higgs final
state. Both couplings can be written in terms of the physical parameters ms, sin θ and tanβ
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as
λHHH = − m
2
H
2 tanβ v
(
tanβ cos3 θ − sin3 θ) , (2.15)
λSHH = − m
2
H
2 tanβ v
sin 2θ(tanβ cos θ + sin θ)(1 +
m2S
2m2H
). (2.16)
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Figure 3. The phenomenlogically interesting trilinear scalar couplings, normalized by the SM doublet
vev v, −λHHH/v and −λSHH/v as a function of the singlet-like scalar mass mS and the mixing angle
sin θ shown in magenta and dark green contours, respectively. The left and right panels correspond
to tanβ = 1 and 10, respectively. The gray shaded region is disallowed by vacuum stability and
perturbative unitarity arguments, while the brown shaded regions are disallowed by EWPO.
In Fig. 3, we show the values of trilinear couplings between mass eigenstates, −λHHH/v
and −λSHH/v in green and magenta curves, as a function of the heavy singlet-like scalar mass
mS and the singlet-doublet mixing angle sin θ for tanβ = 1 (left panel) and tanβ = 10 (right
panel). We can observe that the trilinear coupling of the SM-like Higgs remains insensitive
to the singlet mass and receives moderate modifications with respect to its SM value. On the
other hand, the trilinear λSHH that determines the rate of the heavy scalar decay into Higgs
pairs is quite sensitive to the precise value of the singlet-like scalar mass and the mixing angle
sin θ.
The heavy singlet mixing with the SM Higgs will induce a global shift on all the SM-like
Higgs couplings. While this mixing does not change the SM branching ratios, the production
rates of the Higgs boson will be reduced by a factor cos2 θ. The Higgs boson data from
LHC at 7 and 8 TeV sets a constraint of | sin θ| < 0.36 at 95% C.L., independently of the
singlet mass. The HL-LHC projection increases this limit very mildly due to the dominant
effect from systematic and theory uncertainties. In addition, the current limit is driven
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Figure 4. The total width (left panel) and branching fraction to Higgs pairs Br(S → HH) (right
panel) of the singlet-like scalar S as a function of the singlet-like scalar mass mS and the mixing
angle sin θ. The red (dashed) contours and blue (solid) contours correspond to tanβ = 1 and 10,
respectively.
by a measured ∼ 1-σ excess of signal strength over the SM Higgs expectation. Moreover,
the singlet mixing affects the electroweak precision observables (EWPO) measured at LEP,
setting slightly stronger limits than those coming from Higgs physics. Hence, in Fig. 3 we only
show as brown shaded regions those excluded by EWPO, and refer to Sec. B for a detailed
discussion. We also show in gray the region disallowed by vacuum stability and perturbative
unitarity arguments at the scale mS where the physical parameters are defined, as discussed
in the previous section.
Let’s now discuss the decay properties of the singlet like scalar. Its decay to Higgs pairs
is governed by the trilinear coupling λSHH
ΓS(S → HH) = λ
2
SHH
32pimS
√
1− 4m
2
H
m2S
(2.17)
and to other SM particles via its mixing with the SM Higgs. The total singlet like scalar
width can be written as,
ΓtotS = ΓS(S → HH) + sin2 θ ΓtotH |mH→mS , (2.18)
where ΓtotH |mH→mS is the total width of a SM Higgs with mass mS .
In the left panel of Fig. ??fig:scalardecay, we show the total width of the heavy scalar
state as a function of its mass and the mixing angle for tanβ values of 1 and 10. We can
see that its total width is not particularly sensitive to tanβ. On the right panel of Fig. 4,
we show the singlet decay branching ratio to Higgs pairs in the plane of the singlet scalar
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mass and the singlet-doublet mixing angle for tanβ of 1 (red, dashed lines) and 10 (blue,
solid lines), respectively. The branching fraction features a rapid decrease of roughly 5%
near the tt¯ threshold due to the opening of this new decay channel. In addition, due to the
possible cancellation from contributions to the λSHH trilinear coupling in parameter space,
as depicted in Eq. (2.16), one can see strong variations in contour shapes for each value of
tanβ.
The partial width of the singlet to Higgs bosons ΓS(S → HH) scales as the third power
of the scalar mass for a heavy scalar. This can be easily understood from Eq. (2.16) and
Eq. (2.17). The partial width to WW and ZZ through the mixing with the SM Higgs also
grows as the third power of the scalar mass due to the longitudinal enhancement for the
massive vector gauge bosons. Consequently, the singlet branching fraction to HH remains in
the 20% to 40% range over a large span of the parameter space.
3 ENHANCING THE DI-HIGGS SIGNAL VIA INTERFERENCE EF-
FECTS
The on-shell interference effect may enhance or suppress the conventional Breit-Wigner res-
onance production. Examples in Higgs physics known in the literature, such as gg → h →
γγ [58] and gg → H → tt¯ [59], are both destructive. We discuss in detail in this section the
on-shell interference effect between the resonant singlet amplitude and the SM di-Higgs box
diagram. We shall show that in the singlet extension of the SM considered in this paper, the
on-shell interference effect is generically constructive and could be large in magnitude, thus
enhances the signal production rate.
3.1 Anatomy of the interference effect
The interference effect between two generic amplitudes can be denoted as nonresonant am-
plitude Anr and resonant amplitude Ares. The resonant amplitude Ares, defined as
Ares = ares
sˆ
sˆ−m2 + iΓm, (3.1)
has a pole in the region of interest and we parametrize it as the product of a fast varying
piece containing its propagator and a slowly varying piece ares that generically is a product
of couplings and loop-functions. The general interference effect can then be parameterized
as [58, 59],
|M|2int = 2 Re(Ares ×A∗nr) = 2 (Iint +Rint) ,
Rint ≡ |Anr||ares| sˆ(sˆ−m
2)
(sˆ−m2)2 + Γ2m2 cos(δres − δnr)
Iint ≡ |Anr||ares| sˆΓm
(sˆ−m2)2 + Γ2m2 sin(δres − δnr), (3.2)
where δres and δnr denote the complex phases of ares and Anr, respectively.
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Figure 5. The phase of the interfering triangle and box amplitudes as a function of the partonic
center of mass energy
√
sˆ. The solid, dotted, and dashed curves correspond to scattering angles of 0,
0.5 and 1 respectively.
Schematically, the three amplitudes that enter the di-Higgs production can be parametrized
as the following,
AHB (sˆ) ∝ fB(sˆ) cos θ
λHHH
v
sˆ
sˆ−m2H
(3.3)
AH (sˆ) ∝ f(sˆ) cos2 θ (3.4)
ASB(sˆ) ∝ fB(sˆ) sin θ
λSHH
v
sˆ
sˆ−m2S + iΓSmS
, (3.5)
where fB(sˆ) and f(sˆ) are the corresponding loop functions. In Eq. (3.3) we have dropped
the nonimportant factors for the SM Higgs total width as the pair production is far above the
SM Higgs on-shell condition. For a CP-conserving theory that we are considering, all of the
above parameters are real, except for the loop-functions fB(sˆ) and f(sˆ). The relevant phase
between these loop functions3 induces nontrivial interference effect between these diagrams.
The detailed expressions for these three amplitudes can be found in Ref. [60]. The SM
box contribution contains two pieces f and g. The g piece corresponds to different helicity
combinations of the gluons that does not interfere with the resonant term. In Fig. 5, we show
as a function of the partonic center of mass energy
√
sˆ, the phases of the triangle and box
loop functions and their relative phase in blue, magenta and yellow curves, respectively. We
observe that the phases of both diagrams start to increase after the tt¯ threshold, as expected
from the optical theorem. In particular, the relative phase between the interfering box and
3These loop functions can also be understood as form factors of the effective gluon-gluon-Higgs(-Higgs)
couplings.
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Table 1. Decomposition of all the allowed interference terms and their characteristics in the CP-
conserving theory under consideration. The fourth column picks up the model-parameter dependence.
The last column represents the sign of the interference term below/above the heavy scalar mass
pole. The proportionality for Iint of the SM piece denoted 0∗ contains more factors than the model
parameter; see details in the text.
Inter. Term. Rel. phase Proportionality Inter. sign
AHB -A
H

Rint cos(δB − δ) cos3 θλHHH −
Iint sin(δB − δ) 0∗ 0
ASB-A
H
B
Rint 1 λSHHλHHH cos θ sin θ −/+
Iint 0 λSHHλHHH cos θ sin θ 0
ASB-A
H

Rint cos(δB − δ) λSHH cos2 θ sin θ +/−
Iint sin(δB − δ) λSHH cos2 θ sin θ +
triangle diagrams, shown as the yellow curves, grows quickly after the threshold and remains
large for the entire region under consideration. This relative strong phase drives the physics
discussed in this paper as it allows for a nonvanishing Iint interference effect between the
singlet resonance diagram and the SM box diagram.
In Table 1, we summarize the different behaviors of all the interference terms allowed
in this theory. We decompose the interference effects into the Rint and Iint, as defined in
Eq. (3.2), and further highlight their dependence on the relative phase, model parameters
and the resulting signs of the interference effects.
The special Iint terms vanish both for the interference between the SM diagrams AHB -
AH and the interference between the resonant singlet and the SM triangle diagrams A
S
B-A
H
B
for different reasons. For the latter, the singlet resonant amplitude and the SM triangle
amplitude share a common source of the strong phase δB from the triangle fermionic loop of
the induced gluon-gluon-scalar coupling. Hence, sin(δB − δB) = 0 and this makes Eq. (3.2)
vanish. For the interference between the SM box and triangle diagrams AHB -A
H
 , denoted
0∗ in the proportionality column of the table, the Iint vanishes because we are always in
the off-shell regime for the intermediate SM Higgs in the triangle diagram. Viewing the SM
triangle diagram as Ares, then the Iint part in Eq. (3.2) is strictly nonzero. However, due to
the fact that we can never hit the SM Higgs pole in the relevant regime sˆ > (2mH)
2, such
contribution is
sˆΓHmH
(sˆ−m2H)2 + Γ2Hm2H
<
4m3HΓH
9m4H
≈ 1.5× 10−5, (3.6)
and hence can be neglected.
In contrast, the special interference effect Iint only appears between the singlet resonant
diagram and the SM box digram ASB-A
H
 . This interference effect is proportional to the
relative phase between the loop functions sin(δB − δ) and the imaginary part of the scalar
propagator which is sizable near the scalar mass pole. In this work, we pay special attention
to this effect whose importance has been overlooked in the past literature.
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Figure 6. Decomposition of the differential distribution of the Higgs pair production in presence of a
singlet resonance at 13 TeV LHC. The black curve represents the overall line shape after coherent sum
of all amplitudes squared. The red curve represent the Breit-Wigner resonance piece from the singlet
resonant production. The dark blue (thick) curve represents the novel interference term between the
singlet resonant amplitude and the SM box amplitude that enhances the signal resonant production,
noting the identical line shape of this contribution to that of the Breit-Wigner piece in red curves.
The blue, brown and magenta lines represent the conventional interference terms Rint between the
three amplitudes. We show the corresponding destructive interference effects in dashed curves.
The signs of the interference effects are determined by a product of relative phases,
model parameters and kinematics. The relative phases are always positive for the mass range
considered here, as shown in Fig. 5. The kinematics straightforwardly relies on the Higgs pair
invariant mass with respect to the heavy scalar mass pole. In addition due to spontaneously
Z2 breaking model construction and consistency requirement, λSHH and sin θ has opposite
signs, in accordance to the sign of λsφ in the original potential. The overall signs of the
interference effects end up being fixed as shown in Table 1.
3.2 Parametric dependence of the on-shell interference effect
After understanding the sources of various interference effects, especially the on-shell inter-
ference effect Iint, we study its parametric dependence in this section.
4
We first show the line-shape decomposition into components discussed in Table 1 for
two benchmark points in Fig. 6. We display the Breit-Wigner, nonresonant line shape from
SM triangle and box diagrams, and the total line shape in red, brown and black curves,
respectively. The interference terms Rint proportional to the real part of the heavy scalar
propagator are shown in blue and magenta curves. Observe that these interference terms
flip their signs when crossing the scalar mass pole and this is shown by switching the solid
curve for constructive interference to dashed curves for destructive interference. Finally, for
the interference term proportional to the imaginary component of the scalar propagator, we
4Throughout this work we use the finite mt result at leading order [60]. We adopt the K-factor between
the next-to-leading-order and the leading-order result in the mhh distribution provided by Ref. [45].
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Figure 7. The relative size of the on-shell interference effect with respect to the Breit-Wigner contri-
bution for the scalar singlet resonant production after averaging over the scattering angle cos θ∗ from
−0.5 to +0.5 for central scattering.
show the special term Iint in (thick) dark blue curve. We can observe that the Iint piece has
very similar line shape to the Breit-Wigner resonance piece near the scalar mass pole. We
shall denote this term Iint as on-shell interference effect, since Iint acquires its maximal value
precisely on-shell. This is in contrast to the term Rint that vanishes when the invariant mass
of the final state is precisely at the scalar mass pole.
In the left panel of Fig. 6, we choose as a benchmark mS = 400 GeV, tanβ = 2 and
mixing angle sin θ = 0.28 to match one of the benchmarks in Ref. [45].5 For this benchmark,
we reproduce their result on the overall line shape and some of the specific line shape con-
tributions shown in Ref. [45]. For this benchmark, the on-shell interference term Iint, shown
in the (thick) dark blue curve, is smaller than the Breit-Wigner contribution by almost two
orders of magnitude and thus can be neglected. Instead, in the right panel of Fig. 6, we show
the line shape decomposition for a different benchmark point of heavy scalar mass mS = 900
GeV, tanβ = 2 and mixing angle sin θ = 0.1. For this benchmark, we can clearly observe
the contribution from the on-shell interference term Iint, as its magnitude is more than 15%
of the Breit-Wigner resonance shown by the red curve. This leads to an enhancement when
comparing the overall line shape (black curve) to the Breit-Wigner resonance alone near the
resonance peak.
With the comprehensive understanding of the interference effect, we can quantify the
relative size of the on-shell interference effect by normalizing it to the the Breit-Wigner
5Our definition of tanβ is the inverse of the tanβ definition used in Ref. [45].
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contribution, σInt/σB.W.. This ratio is well defined due to the similar line shapes of these two
contributions near the mass pole. We integrate over the scattering angle in the center of mass
frame in the −0.5 to +0.5 range for central scattering and average over the ratio. We show in
Fig. 7 the parametric dependence of this interference effect as a function of the heavy scalar
mass mS and singlet-doublet mixing angle sin θ for tanβ = 1 (left panel) and tanβ = 10
(right panel). We obtain that the size of this on-shell interference effect Iint varies between a
few percent to up to 40% of the size of the Breit-Wigner resonance for the parameter region
considered in this study. The effect is further enhanced for heavier scalar masses and larger
widths. The quantitative differences of the iso-curvatures between the two panels in Fig. 7
are caused by the parametric dependence of λSHH and the singlet total decay width shown
in Fig. 3 and Fig. 4, respectively. Clearly, the interference effect could play an important role
in the phenomenology and further determination of model parameters if the heavy scalar is
discovered.
4 PHENOMENOLOGICAL STUDY
We present in this section our analysis of the differential distribution of the Higgs pair invariant
mass to estimate the relevance of the interference effects discussed in the previous section. We
choose one of the best channels, pp→ HH → bb¯γγ, as the benchmark channel to present the
details of our analysis. Furthermore, we discuss another phenomenologically relevant piece
of interference in the far off-shell region of the singlet scalar. We display the discovery and
exclusion reach for both HL-LHC and HE-LHC for various values of tanβ in the mS-sin θ
plane. Finally in the last part of this section, we discuss the relevance of the di-Higgs channel
in probing the strength of the first-order electroweak phase transition in a simplified effective
field theory (EFT) approach for both the spontaneous Z2 breaking scenario and an explicit
Z2 breaking scenario.
4.1 Differential distribution
In Fig. 8 we display the differential cross section as a function of the Higgs pair invariant mass
for a benchmark point with a heavy scalar mass of 900 GeV, mixing angle sin θ = 0.3 and
tanβ = 10. The differential cross section is shown in linear scale for a broad range of di-Higgs
invariant masses, including the low invariant mass regime favored by parton distribution
functions at hadron colliders.
We choose this benchmark to show well the separation of the scalar resonance peak and
the threshold enhancement peak above the tt¯-threshold. The SM Higgs pair invariant mass
distribution is given by the gray curve while the black curve depicts the di-Higgs invariant
mass distribution from the singlet extension of the SM. It is informative to present all three
pieces that contribute to the full result of the di-Higgs production, namely, the resonance
contribution (red, dashed curve), the SM nonresonance contribution (box and triangle dia-
grams given by the brown, dotted curve), and the interference between them (blue curve).
Note that the small difference between the “Tri+Box” and the “SM” line shapes is caused
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Figure 8. The differential di-Higgs distribution for a benchmark point of the singlet extension of
the SM shown in linear scale and over a broad range of the di-Higgs invariant mass. The full results
for the SM and the singlet SM extension are shown by the gray and black curves, respectively. In
the singlet extension of the SM, the contributions from the resonant singlet diagram, the nonresonant
diagram and the interference between them are shown in red (dashed), brown (dotted) and blue curves,
respectively.
by the doublet-singlet scalar mixing, which leads to a cos θ suppression of the SM-like Higgs
coupling to top quarks as well as a modified SM-like Higgs trilinear coupling λHHH , as de-
picted Eq. (2.15). We observe that the full results show an important enhancement in the
di-Higgs production across a large range of invariant masses. This behavior is anticipated
from the decomposition analysis in the previous section. There is a clear net effect from the
interference curve shown in blue. Close to the the scalar mass pole at 900 GeV, the on-shell
interference effect enhances the Breit-Wigner resonances peak (red, dashed curve) by about
25%. Off-the resonance peak, and especially at the threshold peak, the interference term
(blue curve) enhances the cross section quite sizably as well. Hence, a combined differential
analysis in the Higgs pair invariant mass is crucial in probing the singlet extension of the SM.
4.2 Signal and background analysis for pp→ HH → bb¯γγ
In the following, we consider the di-Higgs decaying into bb¯γγ in the singlet extension of the
SM, and perform a consistent treatment of the interference effect and a differential analysis
of the line shapes. Although this channel is one of the most sensitive ones due to its balance
between the cleanness of the final state and the signal statistics, the detailed analysis is
nevertheless quite involved. For both the SM signal and background expected number of
events at HL-LHC, we use the simulated and validated results listed in Table V of Ref. [61].
To extrapolate the signal expected from our singlet extension of the SM, we assume the same
acceptance as the SM Higgs pair. For HE-LHC with a center of mass energy of 27 TeV, we
assume the same acceptance as the HL-LHC that varies between 10% to 30% for the di-Higgs
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Table 2. Summary of expected number of events for the SM Higgs pair production and the SM
backgrounds for the bb¯γγ di-Higgs search after selection cuts, obtained from Ref. [61] for the HL-LHC
and further extrapolated for the HE-LHC.
# of events HL-LHC HE-LHC
expected 13 TeV @ 3 ab−1 27 TeV @ 10 ab−1
bins (GeV) SM HH SM BKG SM HH SM BKG
250–400 2.1 12.0 33.2 186.4
400–550 6.3 15.9 110.9 278.8
550–700 2.9 5.2 58.4 105.6
700–850 1.0 2.0 23.4 46.7
850–1000 0.3 1.4 8.9 38.8
1000–1200 0.2 0.7 4.7 20.4
1200–1400 – – 1.9 8.0
1400–1600 – – 0.8 3.5
1600–1800 – – 0.4 1.7
1800–2000 – – 0.2 0.9
signal. For the SM background at the HE-LHC, we assume the same signal to background
ratio as the HL-LHC in the low invariant mass bins, while for the high invariant mass bins
we consider a fixed signal to background ratio of 23%. In Table 2, we tabulate the expected
number of events for the SM Higgs pair and SM background.6
We calculate and combine the significance of each bin using the following approxima-
tion [62],
∆χ2 =
bins∑
i
2
(
(ns,i + nb,i) log(1 +
ns,i
nb,i
)− ns,i
)
, (4.1)
assuming all the bins are independent. As shown in Table 2, the bins are typically with
low statistics, therefore it is reasonable to ignore systematics at this stage. We assume
that the observed number of events in this channel follows the SM expectation values. nb,i
represents the sum of the SM di-Higgs event rate and its background for each mass window
listed in Table 2; ns,i represents the difference generated from the singlet model in the di-
Higgs production channel with respect to the SM Higgs pair production in each bin. As
shown in Ref. [62], this formulae provides a good approximation for the median discovery
significance for a large range of underlying statistics, including relatively low statistical bins
where Gaussian approximation fails.7
6Although this analysis includes different signal efficiencies depending on different Higgs pair invariant mass
windows, a future analysis focusing in high invariant mass bins could lead to improved results, especially when
combined with different decay final states.
7Although still facing sizable differences for the true significance with statistical simulations [62], the above
treatment is sufficient for our current study as our purpose is to demonstrate the impact of the interference
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Figure 9. Projected exclusion and discovery limits at HL-LHC in the mS-sin θ plane with the line-
shape analysis detailed in the text for tanβ = 1 (left panel) and tanβ = 10 (right panel). The shaded
regions bounded by dashed/solid curves are within the discovery/exclusion reach of the HL-LHC. The
black and red lines represent the projection with and without the inclusion of the interference effects
between the singlet resonance diagram and the SM Higgs pair diagram, respectively.
4.3 Discovery and exclusion reach of the HL- and HE-LHC
Using the analysis detailed above, we obtain the discovery and exclusion projections for the
HL-LHC and HE-LHC. In Fig. 9 we show the projected 2-σ exclusion and 5-σ discovery
reach for the HL-LHC in the mS-sin θ plane for tanβ = 1 (left panel) and tanβ = 10 (right
panel) in solid and dashed curves, respectively. The shaded regions are within the reach of
the HL-LHC for discovery and exclusion projections. To demonstrate the relevance of the
interference effects discussed in the previous sections, we show both the results obtained with
and without the inclusion of the interference effects in black and red contours, respectively.
We observe in Fig. 9 that the inclusion of the interference effects extend the projections in
a relevant way. For example, considering the tanβ = 10 case in the right panel for sin θ ' 0.35
the interference effect increase the exclusion limit on mS from 850 GeV to 1000 GeV. Note
that the on-shell interference effect is larger for heavier scalar mass mS .
In Fig. 10 we show the projections for the HE-LHC in a analogous fashion as in Fig. 9.
The discovery and exclusion reach for heavy scalars can be significantly extended by the
HE-LHC operating at 27 TeV center of mass energy with 10 ab−1 of integrated luminosity.
We show the results for tanβ = 2 (left panel) and tanβ = 10 (right panel). For example,
considering the tanβ = 2 case in the right panel of Fig. 10, for sin θ ' 0.35 the exclusion
effect.
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Figure 10. Similar to Fig. 9, projected exclusion and discovery limits at HE-LHC with 27 TeV center
of mass energy and an integrated luminosity of 10 ab−1 for tanβ = 2 (left panel) and tanβ = 10
(right panel).
reach increases from 1200 to 1800 GeV, once more showing the importance of including the
on-shell interference effects.
In Sec. 2.1, we have shown that in the spontaneous Z2 breaking model, the perturbative
unitarity requirement can place stringent upper bounds on the singlet scalar mass, depending
on the value of tanβ. Such bounds are driven by the large singlet quartic λS needed to obtain
heavy mass values from a relatively small vev vs = v tanβ. In an explicit Z2 breaking model,
instead, larger values of the singlet mass are perfectly compatible with perturbative unitarity
requirement even for small value of tanβ. Therefore, in Fig. 9 and Fig. 10 we perform a
general analysis for the LHC reach without imposing the perturbative unitarity restrictions.
It is worth mentioning that when the heavy scalar resonance is divided evenly between
two bins, its significance is reduced. This, together with a very coarse binning we choose
in Table 2, leads to the wiggles in the discovery and exclusion projection contours in this
section. A more refined analysis that leads to smoother projections would be desirable. In
addition, due to the mixing with the SM Higgs, the heavy scalar also has sizable branching
fractions into WW and ZZ, as implied in Fig. 4. New channels such as gg → S →WW,ZZ
could provide complementary and even competitive information and discovery potential for
the heavy scalar. Note that similar on-shell and off-shell interference effects will take place in
these channels as well. Hence, it would be interesting to consider a comprehensive treatment
and comparison between different search channels, such as other decays of the Higgs pair, as
well as other decay modes of the heavy scalar. We reserve these for future study.
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4.4 Implications for the first-order electroweak phase transition
In this section, we investigate the implications of the interference effects for the parameter re-
gions enabling a first-order electroweak phase transition. There are several phenomenological
studies in the literature that investigate different realizations of first-order electroweak phase
transitions in singlet extensions of the SM. For the case of the Z2 symmetric singlet extension,
there are detailed studies in Ref. [26, 32, 63], including the possibilities of both 1-step and 2-
step phase transitions. For a general singlet extend SM, several numerical and semi-analytical
studies have been carried out [27, 29, 64]. Here we perform a simplified EFT analysis on the
spontaneous Z2 breaking scenario and a particular explicit Z2 breaking scenario to illustrate
the relevance of the interference effect. A detailed finite-temperature thermal history study
for the full theory will be presented elsewhere.
A deformation of the Higgs thermal potential is the key to change the electroweak phase
transition from second order to first order. The simplest way in EFT is to introduce the
dimension-six operator O6 ≡ (φ†φ)3. The authors in Ref. [65] provide the preferred region
of the scale Λ6 of this operator, to facilitate a first-order electroweak phase transition. For a
(negative) unity Wilson coefficient of the operator O6, Ref. [65] constraints the scale of this
operator Λ6 to be,
v4
m2H
< Λ26 <
3v4
m2H
, (4.2)
and the detailed analysis in Ref. [66] improves the upper limit by about 25%. The upper
bound can be understood from the requirement of the operator O6 being sufficiently sizable
to change the Higgs potential to provide a first-order phase transition.
By integrating out the singlet field, one can map the general Lagrangian of the singlet
extension of the SM to the corresponding SM EFT. The matching is detailed in Ref. [67, 68],
where the EFT operators generated by integrating out the singlet field are explicitly shown
for both tree level and one loop level. For tree-level generation of the O6 operator, the Z2
breaking vertex s(φ†φ) is required. One may anticipate the spontaneous Z2 breaking theory
to generate the O6 operator at tree-level as well. However, the two contributing tree level
diagrams involving s2(φ†φ) and s3 cancel each other due to the simple form of the solution
to the equation of motion for the singlet field.8 The Higgs potential is then modified by the
singlet field at loop level. Consequently, the scale of the operator is further suppressed by a
loop factor of 1/(16pi2). This results in insufficient modifications to the Higgs potential to
trigger a first-order electroweak phase transition. While the EFT is a good description for a
one-step phase transition in the electroweak direction, where the singlet field is heavy enough
to be treated as a classical field, the thermal history could be more complex. A detailed study
to truly understand the relevant parameter space for sufficiently strong first-order electroweak
phase transition is required and we postpone it for future work.
8The numerical factors for the two contributions to the O6 operator from tree level diagrams are important.
The EFT matching results from the earlier work in Ref. [69] without these factors lead to nonvanishing tree
level O6 operators in the spontaneous Z2 breaking singlet extension of the SM.
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Figure 11. Projected exclusion (solid lines) and discovery (dashed lines) limits at HL-LHC as a
function of the heavy singlet scalar mass mS and the SM-like Higgs trilinear coupling λ111, normalized
to its SM value, for tanβ = 1 (left panel) and tanβ = 10 (right panel), for the explicit Z2-breaking
SM plus singlet model scenario. The shaded region within the curves are at the HL-LHC reach. The
black and red lines represent the projections with and without the interference effects between the
singlet resonance diagram and the SM Higgs pair diagram. The purple shaded areas correspond to
parameter regions with a first-order electroweak phase transition from the EFT analysis detailed in
the text.
To demonstrate the relevance of this interference effect on the first-order electroweak
phase transition, we consider, as an example, an explicit Z2 breaking scenario. Without
modifying any properties of the phenomenology discussed in this paper (except for the RG
running part), we choose the same potential as in Eq. (2.1), after the spontaneous symmetry
breaking, and flip the sign of the coefficient of the s3 term,9
− λsv tanβ s3 → +λsv tanβ s3. (4.3)
Hence, one would generate the O6 operator at tree level with
LEFT ⊃ −
λ3sφ
2λsm2s
(φ†φ)3, (4.4)
where m2s = 2λs tan
2 β v2. The region preferred by the EFT analysis in this particular explicit
Z2 breaking theory requires λsφ being positive and such condition is also consistent with the
9In the generic, explicit Z2-breaking scenario, tanβ is effectively absorbed into the definitions of individual
coefficients in the potential. Here, for simplicity, we use the spontaneous Z2 breaking parameterization, and
hence keep tanβ, to avoid a cumbersome redefinition of many of the parameters in the model.
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EFT potential being bounded from below. This requirement corresponds to positive mixing
angle between the singlet and the doublet, sin θ > 0.
Within the above setup, in Fig. 11 we show the exclusion and discovery projections at
the HL-LHC in the singlet mass mS and Higgs trilinear coupling plane, normalized to the SM
Higgs trilinear coupling, λ111/λ
SM
111. As shown in Sec. 2, the Higgs trilinear coupling is modified
modestly and the trilinear coupling ratio varies between 0.5 to 1. In the purple band, we show
the parameter region consistent with a first-order electroweak phase transition in the EFT
analysis. 10 Similar to Fig. 9, we can see that the consistent inclusion of the interference effect
improves the reach notably. Most importantly, we observe that the improved discovery and
exclusion reach overlaps significantly with the parameter region preferred by the first-order
electroweak phase transition.
5 SUMMARY AND OUTLOOK
In this study, we analyze the interference effects in the gg → HH process in the presence of a
heavy scalar resonance. We focus on the novel effect of the on-shell interference contribution
and discuss it in detail considering the framework of the singlet extension of the SM with
spontaneous Z2 breaking. Such singlet extension of the SM is well motivated as the simplest
example compatible with a strong first-order phase transition and consistent with the Higgs
boson mass measurements at the LHC.
We outline the model setup and relate the model parameters, including quartic and
trilinear scalar couplings, to physical parameters such as mH , v, mS , sin θ and tanβ. We
find that perturbative unitarity requirements set an upper bound on the mass of the singlet
scalar only for low tanβ, and do not impose significant constraints for moderate values of the
mixing angle sin θ. The heavy scalar total width grows as the third power of its mass, and
the decay branching fraction into Higgs pairs varies moderately in the 20%–40% range for
different regions of the model parameter space.
The interference pattern between the resonant heavy scalar contribution and the SM
nonresonant triangle and box contributions show interesting features. We highlight the con-
structive on-shell interference effect that uniquely arises between the heavy scalar resonance
diagram and the SM box diagram, due to a large relative phase between the loop functions
involved. We observe that the on-shell interference effect can be as large as 40% of the
Breit-Wigner resonance contribution and enhances notably the total signal strength, making
it necessary taking into account in heavy singlet searches.
To better evaluate the phenomenological implications of the interference effects in the di-
Higgs searches, we carried out a line-shape analysis in the gg → HH → γγbb¯ channel, taking
into account both the on-shell and off-shell interference contributions. We find that both
for the HL-LHC and HE-LHC, the proper inclusion of the interference effects increases the
discovery and exclusion reach significantly. Furthermore, using a simplified EFT analysis, we
10The EFT analysis aims to provide a general picture of the relevance of electroweak phase transition. A
detailed thermal history analysis is desirable, especially for singlet masses below 300 GeV.
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show that the parameter regions where the interference effects are important largely overlap
with the regions where a first-order electroweak phase transition is enabled in the singlet
extension of the SM.
Summarizing, this work shows that a careful understanding of the contributions to the
di-Higgs signal in the singlet extension of the SM can be crucial in testing the idea of elec-
troweak baryogensis at colliders. Moreover, our analysis is applicable for a general potential
of the singlet extension of the SM as well as for more general resonance searches. A compre-
hensive analysis of the interference effectsin different decay modes of the Higgs boson and the
heavy scalar would provide complementarity information, adding to the LHC potential in the
search for heavy scalars. Furthermore, a detailed study of the electroweak phase transition
for the full model with the singlet is an interesting next step that will be presented elsewhere.
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A Details on the theoretical constraints
In this section, we show the relevant equations for the stability and perturbative unitarity
arguments presented in Sec. 2.1. First, the RGE equations for the quartic couplings of the
real singlet model are [70].
16pi2 dd lnµλ = 24λ
2 +
1
2
λ2sφ + 3λ(4y
2
t − 3g2 − g′2)− 6y4t +
3
8
(2g4 + (2g′2 + g2)2)
16pi2 dd lnµλs = 18λ
2
s + 2λ
2
sφ
16pi2 dd lnµλsφ = 4λ
2
sφ + 6λsφλs + 12λsφλ+
3
2
λsφ(4y
2
t − 3g2 − g′2). (A.1)
For the analysis we also take into account the running of the top Yukawa yt and the QCD
coupling gs,
16pi2
d
d lnµ
yt =
3
2
y3t − 8g2syt −
9
4
g2yt − 17
12
g′2yt , 16pi2
d
d lnµ
gs = −7g3s . (A.2)
Notice that the RGE of λsφ is proportional to itself, showing the fact that setting it to zero
decouples the two sectors. In deriving the limits in Fig. 2, we start the RGE at 1 TeV.
The perturbative unitarity argument (see e.g. Ref. [71]) is based on the idea that the
scattering amplitude can be decomposed into partial waves a` as
A = 16pi
∞∑
`=0
(2`+ 1)P`(cos θ)a`(s). (A.3)
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The cross section, proportional to |a`|2, is related to the imaginary part of the forward am-
plitude through the optical theorem, ∼ Im(a`). This condition, taking the J = 0 part of the
amplitude, corresponds to Eq. (2.13)
1
16pis
∫ 0
s
dt |A| < 1
2
. (A.4)
To have the theory well defined perturbatively, we require that any 2 → 2 processes among
the vector bosons and scalars satisfy this condition.Therefore we construct the matrix with
the scattering amplitudes and require that the largest eigenvalue passes the constraint in
Eq. (A.4). For completeness we show in the following the leading high energy terms for the
different scattering amplitudes of the theory.
The amplitudes among SM fields are given by,
A(WW →WW ) = −4λ− g
2
2c2W
s2 + st+ t2
st
A(ZZ → ZZ) = −6λ
A(WW → ZZ) = −2λ− g
2
2
s2 + st+ t2
t(s+ t)
A(WW → HH) = −2λc2θ − λsφs2θ −
g2
2
c2θ
s2 + st+ t2
t(s+ t)
= A(ZZ → HH) [ g → g/cW ]
A(ZH → ZH) = −2λc2θ − λsφs2θ −
g2
2c2W
c2θ
s2 + st+ t2
s(s+ t)
A(WW → ZH) = i g
2
4c2W
cθ
(
1 + 2
t
s
+ 2c2W
(s+ 2t)(s2 + st+ t2)
st(s+ t)
)
(A.5)
These SM amplitudes involving the Higgs boson are with a factor of cθ ≡ cos θ for each
external Higgs due to mixing, and also a contribution proportional to λsφsθ.
11
The amplitudes involving only the scalar fields are,
A(HH → HH) = −6(λc4θ + λsφc2θs2θ + λss4θ)
A(SS → SS) = −6(λs4θ + λsφc2θs2θ + λsc4θ)
A(HH → SS) = A(HS → HS) = −3
4
[
(λ+ λs)(1− c4θ) + λsφ(1
3
+ c4θ)
]
A(HH → HS) = 3
2
[−(λ− λs)− (λ+ λs + λsφ)c2θ] s2θ
A(SS → HS) = 3
2
[−(λ− λs) + (λ+ λs − λsφ)c2θ] s2θ. (A.6)
11Similarly, sθ ≡ sin θ, c2θ ≡ cos 2θ, c4θ ≡ cos 4θ, s2θ ≡ sin 2θ. cW ≡ cos θW , where θW is the Weinberg
angle.
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Finally, we show the amplitudes involving SM gauge fields and the singlet S,
A(WW → SS) = −2λs2θ − λsφc2θ −
g2
2
s2θ
s2 + st+ t2
t(s+ t)
A(ZZ → SS) = −2λs2θ − λsφc2θ −
g2
2c2W
s2θ
s2 + st+ t2
t(s+ t)
A(WW → ZS) = −i g
2
4c2W
sθ
(
1 + 2
t
s
+ 2c2W
(s+ 2t)(s2 + st+ t2)
st(s+ t)
)
A(ZH → ZS) = −2λcθsθ + λsφcθsθ + g
2
2c2W
cθsθ
s2 + st+ t2
st
A(ZS → ZS) = −2λs2θ − λsφc2θ +
g2
2c2W
s2θ
s2 + st+ t2
st
A(WW → HS) = −2λcθsθ + λsφcθsθ − g
2
2
cθsθ
s2 + st+ t2
t(s+ t)
A(ZZ → HS) = −2λcθsθ + λsφcθsθ − g
2
2c2W
cθsθ
s2 + st+ t2
t(s+ t)
. (A.7)
B Indirect constraints
In this Appendix we summarize the indirect constraints on the singlet model due to Higgs
physics precision measurements and EWPO.
The singlet model gives a simple prediction for the signal strengths, since the branching
ratios are not modified while the production cross sections are shifted globally by the Higgs
mixing. Therefore, the Higgs production is reduced by a factor
µ = 1− sin2 θ. (B.1)
The ATLAS and CMS collaborations offered a combination of the LHC runs at 7 and 8 TeV
in Ref. [72]. The global signal strength µ of the Higgs production rates, given by
µ = 1.09+0.11−0.10, (B.2)
is of particular importance since it can be directly applied to constrain the singlet model.
The χ2 analysis for the measured and expected signal is shown in the left panel of Fig. 12.
To assess the HL-LHC sensitivity, ATLAS estimates a 3.2% precision on a global coupling κ,
and the precision can get down to 1.7% when the theory uncertainties are neglected [73]. In
our case κ =
√
1− sin2 θ, and we translate those projections in the figure.
The EWPO from LEP also put constraints on the singlet extension of the SM. After
integrating out the singlet field, one obtains the EFT operator
L ⊃ cH
m2s
OH , (B.3)
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Figure 12. ∆χ2 as a function of the mixing angle sin θ using different sets of data. Left: Using Higgs
signal strengths, with the current LHC constraints and the projected ones at the HL-LHC. Right:
Based on LEP constraints EWPO, for different values of the singlet mass.
where the Wilson coefficient cH can be matched to the original potential in Eq. (2.1) as
cH = λ
2
sφ/(2λs), and the mass scale ms is approximately the heavy scalar mass mS in the
small mixing angle limit.
The generated EFT operator OH induces the Higgs field redefinition that shifts the Higgs
couplings by ∼ sin2 θ and also induces other operators through RGE [69, 74]. In particular, it
generates the operator combinations OW +OB and OT , which shifts the S and T parameters
∆S = +
1
12pi
cH(mS)
v2
m2S
log
(
m2S
m2W
)
(B.4)
∆T = − 3
16pic2W
cH(mS)
v2
m2S
log
(
m2S
m2W
)
. (B.5)
Using the electroweak fit in Ref. [75, 76] one finds the constraintsopen
S = 0.06± 0.09 , T = 0.10± 0.07 , ρ = 0.91, (B.6)
where ρ is the correlation coefficient between the S and T parameters.
We show in the right panel of Fig. 12 the ∆χ2 on the mixing angle for different values of
the singlet mass coming from the S and T constraints. We see that the constraints increase
with the singlet mass, but a moderate mixing angle of sin θ ∼ 0.2, is still allowed.
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